1.. Introduction
================

Semiconductor junctions convert the photon energy of light into an electrical signal by releasing and accelerating current-conducting carriers within the semiconductor \[[@b1-sensors-08-00035]\]. This response is used to fabricate photodiodes and due to their characteristics and features they are used in many laboratory and industrial applications.

Some of the most important characteristics and features of photodiodes are their low cost, excellent linearity, good quality of the time domain performance, the speed of the their response, their low noise, they are compact and lightweight devices, and so on.

Also, photodiodes are used in safety equipment, blood particle analyzers, pulse oximeters, X ray detection, photographic flash control, light meters, automotive applications, optical communications, fiber optic links, and so on.

However, depending on the kind of application, the electronic circuits used to monitoring photodiodes should meet some specific requirements. For example, in laboratory applications, where the temperature is held constant, the responsivity, the shunt resistance, the shunt capacitance and the dark current of the photodiode, which are all temperature dependent photodiode parameters, do not vary from their expected values, and the response of the photodiode is satisfactory if the users guarantee that the power supply is stable and that there are not any noise or disturbance sources corrupting the response of the photodiode. In this kind of applications, conventional photometer circuits perform satisfactorily and designers do not have to work hard in order to meet the final user requirements.

On the other hand, in industrial applications, where photometer circuits have to work under severe working conditions such as the endurance of high temperatures, high humidity, dangerous chemical attacks, undesirably strong vibrations, pollution, and so on \[[@b2-sensors-08-00035]\], designers are faced with real-world problems that they cannot control and that corrupt the response of photometer circuits tremendously. In this kind of applications, the design requirements that the designers have to meet are much more exigent than the ones of the above-mentioned kind of applications, and the designers cannot guarantee a good performance of the photometer circuits unless they use robust and optimal control techniques \[[@b3-sensors-08-00035], [@b4-sensors-08-00035]\] to the design of the signal treatment stages of the photometers.

Generally speaking, in practice the signals produced by sensors are frequently corrupted by noise that cause sensor operations to deviate from their true value, which causes an undesirable degree of uncertainty in the measurements carried out by the sensors. Therefore, in order to cancel the noise that corrupts the relevant information coming from sensors, robust and optimal signal treatment stages are needed \[[@b5-sensors-08-00035]-[@b15-sensors-08-00035]\].

The present paper is aimed at showing the importance of the application of the above-mentioned techniques to the design of photometer circuits, and it also shows the importance of the frequency response analysis in order to provide insights into the benefits and trade-offs of the current-to-voltage converter connections usually used to build linear photometer circuits.

2.. The photo effect and photodiode model
=========================================

According to Graeme \[[@b1-sensors-08-00035]\], light entering a semiconductor material produces an electrical current by releasing hole-electron pairs. There, photons transfer energy to the atoms of the radiated material, moving these hole and electron carriers to the radiated material, moving these hole and electron carriers to their conductions states. Once there, the individual carriers may or may not contribute to current flow.

Carriers released within the depletion region of a semiconductor junction produce the majority of this current due to the electric field of this region. That region contains ionized or depleted atoms that support a voltage differential across the junction. The associated electric field accelerates the carriers toward the terminals of the diode, adding conduction energy to the carriers and reducing the probability of recombination. Applying reverse bias to the junction expands the depletion region to encompass more of the material of the diode within the accelerating field \[[@b1-sensors-08-00035]\].

Forward bias narrows the depletion region and lowers the barrier to carrier injection. Diffusion component of current greatly increases and drift component decreases. Carrier density is large (exponential), making the junction conductive and allowing a large forward current.

In photodiodes, semiconductor doping levels and the junction depth are two of the most important parameters. The depth and extent of the junction determines the location of the depletion region and the light wavelengths that produce an efficient response. Photons generate carriers at a range of depths with a given range proportional to the photon wavelength \[[@b1-sensors-08-00035]\].

The most important characteristics of a photodiode are the following \[[@b1-sensors-08-00035], [@b16-sensors-08-00035], [@b17-sensors-08-00035]\]: Spectral responseRadiometric sensitivityResponsitivityQuantum efficiencySensitivityLinearityDark currentShunt resistanceJunction capacitanceReverse breakdown voltageOpen circuit voltageResponse timeNoise currentAngular responsePackage style

Also, according to \[[@b1-sensors-08-00035], [@b16-sensors-08-00035], [@b17-sensors-08-00035]\], the equivalent circuit for a photodiode is shown in [Fig. 1](#f1-sensors-08-00035){ref-type="fig"}, where *I~P~* is light generated photocurrent, *I~N~* is noise current, *R~SH~* is the shunt resistance, *R~S~* is the series resistance, *C~J~* is the junction capacitance, and *R~L~* is an external load resistance connected to the photodiode.

3.. The photometer circuits
===========================

Due to their excellent linearity, gain accuracy, high input resistance, high open-loop gain, low noise, low offsets and wide bandwidth, among other characteristics, operational amplifiers are commonly used in monitoring photodiodes \[[@b1-sensors-08-00035], [@b16-sensors-08-00035]-[@b18-sensors-08-00035]\].

In addition, the energy transmitted by light to a photodiode can be measured as either a voltage or a current output, and when the photodiode output is monitored as a voltage, the response has a logarithmic relationship to the light energy received since the sensitivity of the diode varies with its voltage. Nevertheless, when a linear relationship between the photodiode response and the light energy received is desired, the voltage drop across the photodiode is held constant for a fixed sensitivity and the photocurrent is linearly related to the incident light energy \[[@b1-sensors-08-00035], [@b16-sensors-08-00035]-[@b18-sensors-08-00035]\].

However, according to \[[@b19-sensors-08-00035], [@b20-sensors-08-00035]\], in spite of the fact that there are a variety of amplifier connections used for monitoring photodiodes, most of them are based on the basic current-to-voltage converter (CVC) connection shown in [Fig. 2](#f2-sensors-08-00035){ref-type="fig"}, in which the photodiode output is monitored as a current. In this figure, *R~f~* is the negative feedback resistor used to convert the photocurrent into an output voltage linearly related to the light energy. This optoelectronic circuit is used in both integrated circuits containing a photodiode and a transimpedance amplifier on a single chip, and in discrete designs.

According to \[[@b20-sensors-08-00035]\], the circuit shown in [Fig. 2](#f2-sensors-08-00035){ref-type="fig"} has both advantages and disadvantages. On the one hand, if the photodiode exhibits very good characteristics and the ambient temperature is held constant at the optimum value, this circuit provides a very high quality output voltage.

On the other hand, in the field, outside the laboratory or in applications in which the temperature is not constant, as the responsivity, the shunt resistance, the junction capacitance and the dark current of the photodiode are temperature dependent, and the noise is dependent upon the characteristics of the photodiode and the operating conditions, the uncertainty of measurement of linear photometer circuits based on conventional CVC connections, as the one shown in [Fig. 2](#f2-sensors-08-00035){ref-type="fig"}, increases. Therefore, photometer circuits based on conventional CVC connections are not robust \[[@b3-sensors-08-00035], [@b4-sensors-08-00035]\].

From the Control Engineering point of view, in [Fig. 2](#f2-sensors-08-00035){ref-type="fig"}, the sensor is placed in an open-loop system in which the feedback network cannot reject the negative effects of the disturbance and noise that corrupt the relevant information coming from the photodiode. Therefore, changes in the ambient temperature, uncertainties and noise in the electrical components, noise coming from the power supply, and so on, make the output of the system to deviate considerably from its true value.

In \[[@b19-sensors-08-00035]-[@b21-sensors-08-00035]\], a robust photometer circuit is presented taking into consideration the fact that in order to improve the disturbance rejection performance of the circuit, the photodiode should be placed in a robust feedback compensation network. The robust photometer circuit is shown in [Fig. 3](#f3-sensors-08-00035){ref-type="fig"}.

The analysis of the relative error between the theoretical sensitivity and the experiemental sensitivity of the circuit shown in [Fig. 3](#f3-sensors-08-00035){ref-type="fig"} is carried out in \[[@b19-sensors-08-00035]\]. Also, a detailed analysis of the sensitivity of the photometers shown in [Fig. 2](#f2-sensors-08-00035){ref-type="fig"} and [Fig. 3](#f3-sensors-08-00035){ref-type="fig"} to photodiode parameter variations is carried out in \[[@b20-sensors-08-00035]\], ending with a comparative analysis between the performance of the robust circuit and the performance of the non-robust one.

In addition, in \[[@b22-sensors-08-00035]\] a simplified analysis of the effect of the offset voltage of the op amp on the response of these photometers is presented. Furthermore, in \[[@b22-sensors-08-00035]\] both the low-frequency noise power estimation analysis and the total harmonic distortion performance analysis of the circuits shown in [Fig. 2](#f2-sensors-08-00035){ref-type="fig"} and [Fig. 3](#f3-sensors-08-00035){ref-type="fig"} are carried out.

Finally, in \[[@b21-sensors-08-00035]\] a complete analysis of the influence of the op amp parameters on the performance of the circuit in [Fig. 3](#f3-sensors-08-00035){ref-type="fig"} is done, along with the analysis of the stability region of such a circuit.

However, there is al least one more type of analysis that should be carried out to these circuits. This is the frequency response analysis by using an input-output transfer function approach. This is the aim of the next section.

4.. Frequency response analysis by using an input-output transfer function approach
===================================================================================

According to \[[@b4-sensors-08-00035]\], the frequency response analysis can be used to describe the response of a system to sinusoids of varying frequency, ω \[rad/s\]. This kind of analysis has the advantage of being directly linked to the time domain, and at each frequency the transfer function has a clear physical interpretation. Also, one important advantage of a frequency response analysis of a system is that it provides insight into the benefits and trade-offs of feedback control.

According to \[[@b4-sensors-08-00035]\], the most important design objectives which necessitate trade-offs in feedback control are the following: Performance, good disturbance rejection: loop-transfer function, *L*(*s*), largePerformance, good command following: *L*(*s*) largeStabilization of unstable plant: *L*(*s*) largeMitigation of measurement noise on plant outputs: *L*(*s*) smallSmall magnitude of input signals: controller transfer function, *K*(*s*), small and *L*(*s*) smallPhysical controller must be strictly proper: *K*(*s*) → 0 and *L*(*s*) → 0 at high frequenciesNominal stability: *L*(*s*) smallRobust stability: *L*(*s*) smallwhere *s* = *j*ω.

Fortunately, the above-mentioned conflicting design objectives are generally in different frequency ranges, and most of the objectives can be met by using a large loop gain (\|*L*(*j*ω)\| \> 1) at low frequencies below crossover, and a small gain (\|*L*(*j*ω)\| \< 1) at high frequencies above crossover \[[@b4-sensors-08-00035]\].

Furthermore, in accordance with the loop-shaping approach to controller design \[[@b3-sensors-08-00035], [@b4-sensors-08-00035]\], a system is robust if the following stability margins are guaranteed: a gain margin (GM) equal to infinity, a gain reduction margin equal to 0.5, and a minimum phase margin (PM) of 60°. Graphically, for a single-input-single-output (SISO) system, it means that the Nyquist plot of the loop transfer function of the system will always lie outside the unit circle with center -1 in the complex plane (see [Fig. 4](#f4-sensors-08-00035){ref-type="fig"}) \[[@b3-sensors-08-00035], [@b4-sensors-08-00035]\].

However, robust stability must not be confused with robust performance \[[@b3-sensors-08-00035], [@b4-sensors-08-00035]\]. A system that is robust could have noise rejection problems. That is to say, measurement noise, high frequency noise and some kind of perturbations can corrupt the relevant information coming from it. Nevertheless, a system that has robust performance characteristics has robust stability and has a satisfactory noise rejection performance, among other good properties.

According to \[[@b20-sensors-08-00035]\], assuming that the op amp is ideal (see \[[@b21-sensors-08-00035]\] for the case of the non-ideal op amp), the transfer function of the circuit shown in [Fig. 2](#f2-sensors-08-00035){ref-type="fig"} from *I~P~*(s) to *V~o~*(s) is given by $$T_{nr}\left( s \right) = \frac{R_{\textit{SH}}}{R_{\textit{SH}} + R_{S}}\frac{R_{f}}{sC_{J}R_{\textit{SH}}\left\| {R_{S} + 1} \right.}$$where *R~SH~* ‖ *R~S~* is the parallel equivalent of *R~SH~* and *R~S~*. And the transfer function of the circuit shown in [Fig. 3](#f3-sensors-08-00035){ref-type="fig"} from *I~P~*(s) to *V~o~*(s) is given by $$T_{r}\left( s \right) = A_{5}\frac{R_{\textit{SH}}}{R_{\textit{SH}} + R_{S}}\frac{sA_{6} + 1}{s^{2}A_{7}A_{8} + s\left( {A_{7} + A_{8}} \right) + 1}$$where $$A_{1} = R_{1}R_{2}R_{3} + R_{1}R_{2}R_{4} + R_{2}R_{3}R_{4} + R_{1}R_{3}R_{4}$$ $$A_{2} = \frac{2R_{1}R_{2}R_{3}R_{4}}{\left( {R_{j} + R_{s}} \right)A_{1}}$$ $$A_{3} = \frac{R_{1}R_{4}\left( {R_{3} - R_{2}} \right)}{\left( {R_{j} + R_{s}} \right)\left( {R_{1}R_{3} - R_{2}R_{4}} \right)}$$ $$A_{4} = \frac{A_{1}}{R_{1}R_{3} - R_{2}R_{4}}$$ $$A_{5} = \frac{A_{4}\left( {1 + A_{2}} \right)}{1 + A_{3}}$$ $$A_{6} = \frac{C_{J}R_{\textit{SH}}\left\| {R_{S} + A_{2}C_{J}R_{\textit{SH}}} \right.}{1 + A_{2}}$$ $$A_{7} = \frac{C_{J}R_{\textit{SH}}\left\| {R_{S} + A_{3}C_{J}R_{\textit{SH}}} \right.}{1 + A_{3}}$$ $$A_{8} = C_{J}R_{\textit{SH}}\left\| R_{S} \right.$$

As can be seen from the above [equations, (2)](#FD2){ref-type="disp-formula"} is much more complex than [(1)](#FD1){ref-type="disp-formula"}. However, (1) cannot deal satisfactorily with disturbances and uncertainties in the parameters of the photodiode, something that is done by (2) satisfactorily \[[@b20-sensors-08-00035]\].

Here, in order to carry out a practical analysis of the reason why the above statement is true taking into consideration the GM and the PM of (1) and (2), the photometer circuits were implemented by using the Siemens silicon photodiode BPW21, with *R~S~* = 10 Ω and *R~SH~* = 100 kΩ and *C~J~* equal to 580 pF for a reverse voltage of 0 V applied across the BPW21.

In addition, in the laboratory experiments the incident light came from the 3 mW RS Modulated Laser Diode Module 194-004, whose nominal wavelength is 670 nm, and the experimental sensitivity of the BPW21 at 670 nm was 0.1345 A/W. Furthermore, in order to have a 10 V output for a 3 mW input to the circuits shown in [Fig. 2](#f2-sensors-08-00035){ref-type="fig"} and [Fig. 3](#f3-sensors-08-00035){ref-type="fig"}, *R~f~* was chosen to be equal to 24.783 kΩ, and *R~1~*, *R~2~*, *R~3~* and *R~4~* were chosen to be equal to 1 kΩ, 100 Ω, 100 kΩ and 22.08 kΩ, respectively.

For the above-given values, $$T_{\textit{nr}}\left( s \right) = \frac{2.48 \cdot 10^{4}}{s5.80 \cdot 10^{- 9} + 1}$$and $$T_{r}\left( s \right) = 2.50 \cdot 10^{4}\frac{s1.10 \cdot 10^{- 7} + 1}{s^{2}7.59 \cdot 10^{- 14} + s1.31 \cdot 10^{- 5} + 1}$$

The loop transfer function of the robust photometer circuit \[[@b20-sensors-08-00035]\] is $$L_{r}\left( s \right) = \frac{7.64 \cdot 10^{4}}{s\left( {s5.80 \cdot 10^{- 9} + 1} \right)}$$

Thus, the sensitivity function of the robust circuit is $$S_{r}\mspace{2mu}\left( s \right) = 1.31 \cdot 10^{- 5}\frac{s\left( {s5.80 \cdot 10^{- 9} + 1} \right)}{s^{2}7.59 \cdot 10^{- 14} + s1.31 \cdot 10^{- 5} + 1}$$

Moreover, the Bode plots of (11) and (12) are shown in [Fig. 5](#f5-sensors-08-00035){ref-type="fig"} and [Fig. 6](#f6-sensors-08-00035){ref-type="fig"}, respectively. From these figures it can be seen that both closed-loop transfer functions have a similar characteristic at low frequencies, and that the robust circuit has a feedback controller that introduces lead-lag compensations at middle frequencies. These compensations improve the disturbance rejection performance of the photometer circuit.

The Nyquist diagram of the loop transfer function of the robust photometer (13) is shown in [Fig. 7](#f7-sensors-08-00035){ref-type="fig"}. Note that *L~r~*(*s*) never enters the unit circle, which means that the closed-loop system with the transfer function given by (12) is robust. For this system, the stability margins are the following: GM = ∞ and PM = 90°.

The state-space representation of the SISO system given by (12) is the one given by $$\overset{˙}{x}\mspace{2mu}\left( t \right) = Ax\mspace{2mu}\left( t \right) + B_{1}u\mspace{2mu}\left( t \right)$$ $$y\mspace{2mu}\left( t \right) = Cx\mspace{2mu}\left( t \right) + Du\mspace{2mu}\left( t \right)$$where *x*(*t*) is the state vector (size 2-by-1), *u*(*t*) is the input of the system (size 1-by-1) and *y*(*t*) (size 1-by-1) is the output of the system. Also, *A*, *B*, *C* and *D* are given below $$A = \begin{bmatrix}
{- 1.72 \cdot 10^{8}} & {- 1.32 \cdot 10^{13}} \\
1 & 0 \\
\end{bmatrix}$$ $$B = \begin{bmatrix}
1 \\
0 \\
\end{bmatrix}$$ $$C = \left\lfloor \begin{matrix}
{3.64 \cdot 10^{10}} & {3.29 \cdot 10^{17}} \\
\end{matrix} \right\rfloor$$ $$D = 0$$

Thus, the relationship between (12) and (15)-(16) is given by $$T_{r}\ \left( s \right) = C\left( {sI - A} \right)^{- 1}B + D$$where *I* is the identity matrix of size 2-by-2.

For the system given by (15)-(16), if the initial condition of the state vector *x(t)* = \[*x*~1~*(t) x*~2~*(t)*\]^T^ is equal to *x*(0)=\[0 0\]^T^ and the input *u(t)* is a sinusoid of varying frequency from 1 Hz on, the trajectories of the state variables of this state-space representation is the superposition of many ellipses, one ellipse for each frequency under consideration, with variable length axes. [Fig. 8](#f8-sensors-08-00035){ref-type="fig"} shows the trajectories of the state variables of the above system for an input of 3 mW of incident light at 10 Hz, 100 Hz and 1 kHz, respectively. Note the fast, satisfactory convergence of the phase variables (i.e., *x*~1~*(t)* and *x*~2~*(t)*) of system. If the initial condition of the state vector of the system is not zero, the trajectory described by the state variables will converge to one similar to the ones shown in [Fig. 8](#f8-sensors-08-00035){ref-type="fig"} (MATLAB simulation).

The response (MATLAB simulation) of the robust closed-loop system to a step disturbance in the sensitivity function (14) is shown in [Fig. 9](#f9-sensors-08-00035){ref-type="fig"}. From that figure it can be seen that step disturbances at the output of the plant are rejected satisfactorily. The closed-loop system does not amplify disturbances, its response does not have any oscillatory performance and its response decreases in amplitude very fast.

5.. Experimental results
========================

The photometer circuits presented in this paper ([Fig. 2](#f2-sensors-08-00035){ref-type="fig"} and [Fig. 3](#f3-sensors-08-00035){ref-type="fig"}) were implemented in the laboratory with the photodiode BPW21, the resistors given in Section 4 and the op amp OP 07. [Fig. 10](#f10-sensors-08-00035){ref-type="fig"} shows the practical implementation.

Furthermore, in order to test the noise rejection performance of both circuits, a 3 mW incident light input signal at 0 Hz and wavelength equal to 670 nm was apply to the above-mentioned circuits, and the power spectrum of the output voltage of these circuits was displayed by using the YOKOGAWA Digital Oscilloscope DL9040.

The result of the experiment was that for the non-robust circuit the peak value of the power spectral density (PSD) of the noise of the output voltage was equal to -50.54 dBV. However, the peak value of the PSD of the noise of the output voltage was equal to -62.00 dBV. Therefore, a signal-to-noise ratio improvement of 10 dBV was achieved by using the robust compensation.

Moreover, the temperature coefficient (TC) of the output voltage of the robust photometer circuit was equal to -21.83 μV/°C, while the TC of the output voltage of the non-robust photometer circuit was equal to -40.16 μV/°C, which shows the importance of the application of robust control techniques to improve the performance of photometer circuits.

6.. Conclusions
===============

In this paper, an input-output transfer function analysis of a photometer circuit based on an op amp has been carried out. The results of the analysis showed the importance of the application of robust control technique to improve the performance of photometer circuits, and showed some of the most important points to be taken into consideration when designing these circuits for applications in which they have to work under severe working conditions, as it happens in most industrial applications.

Moreover, here two photometer circuits, one based on a conventional CVC connection and another based on a robust CVC connection, have been compared with each other. The results of such a comparison showed that the performance of photometer circuits based on robust CVC connections is much better that the performance of photometers circuits based on conventional CVC connections.

The use of robust control techniques to the design of complex sensor systems can bridge the gap between advanced signal conditioning techniques and the design of sensors for a wide range of applications. The reality is that only by the fusion of these concepts can the designer find the way clear to build the sensors that today\'s industry needs.
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